1. Introduction {#sec1}
===============

Secondary organic aerosol (SOA) formed from biogenic volatile organic compounds (BVOCs) is a major component of atmospheric fine particulate matter (PM~2.5~).^[@ref1],[@ref2]^ The hydroxyl radical (OH)-initiated oxidation of MBO, which is a locally abundant BVOC species in certain regions (e.g., western United States), has recently been demonstrated to have the potential to form SOA.^[@ref3]−[@ref5]^ Prior chamber studies have revealed SOA formation from MBO photooxidation only in the absence of nitric oxide (NO). Jaoui et al.^[@ref4]^ and Zhang et al.^[@ref5]^ have demonstrated that SOA formation from MBO is enhanced with increasing aerosol acidity, as is the case for other biogenic SOA precursor gases such as isoprene,^[@ref6]−[@ref9]^ α-pinene,^[@ref8],[@ref10]^ and β-caryophyllene.^[@ref8]^ The major MBO-derived SOA constituents, 2,3-dihydroxyisopentanol (DHIP, C~5~H~12~O~3~) and MBO-derived organosulfates (C~5~H~12~O~6~S), have been observed in both laboratory-generated and ambient aerosol.^[@ref4],[@ref5]^

By analogy to major SOA constituents (2-methyltetrols and organosulfates) derived from isoprene epoxydiols (IEPOX) under the low-NO limit,^[@ref7],[@ref9],[@ref11]^ both the enhancing effect of acidic seed aerosol on SOA formation and the structures of the major MBO-derived SOA constituents can be explained by the reactive uptake of MBO-derived epoxides. It is therefore plausible that MBO photooxidation results in the formation of epoxides, which subsequently produce SOA in the presence of acidified sulfate aerosol. In this work, we have used a published procedure to synthesize an MBO epoxide,^[@ref12]^ (3,3-dimethyloxiran-2-yl)methanol, for use in controlled dark environmental chamber experiments. The reactive uptake chemistry of this synthetic MBO epoxide was then systematically examined in the presence of either neutral or acidified sulfate seed aerosol to investigate the potential role of MBO-derived epoxides in forming SOA enhanced by increasing aerosol acidity. SOA formed in these experiments was collected, analyzed, and compared to aerosol collected in laboratory chamber MBO photooxidation experiments as well as in field studies.

2. Experimental Section {#sec2}
=======================

2.1. Synthesis of the MBO Epoxide {#sec2.1}
---------------------------------

(3,3-Dimethyloxiran-2-yl)methanol was synthesized from 3-methylbut-2-en-1-ol by modification of a procedure recently reported for synthesis of the *cis*- and *trans*-IEPOX isomers.^[@ref12]^ MBO (1.5 g, 17.4 mmol) was dissolved in acetonitrile (ACN) (5 mL) and cooled in an ice/water bath. A solution of *m*-chloroperoxybenzoic acid (*m*-CPBA; 3.91 g, 77%, 22.0 mmol) in ACN (15 mL) was added dropwise, and the resulting clear solution stirred in an ice/water bath for 2 h and then at room temperature until the starting material had been completely transformed, as monitored by thin-layer chromatography. The reaction mixture was cooled to −20 °C, and the resulting precipitate was separated by filtration to remove the bulk of the reacted oxidant (*m*-chlorobenzoic acid). The filtrate was concentrated under reduced pressure and the residue purified by column chromatography (SiO~2~, 2:1 hexane/ethyl ether mixture) to give MBO epoxide (795.4 mg, 45% yield). The proton (^1^H) and carbon (^13^C) nuclear magnetic resonance (NMR) spectra of the product were identical to the spectra previously reported:^[@ref13]1^H NMR (400 MHz, CDCl~3~) δ 3.83 (dd, 1H, *J* = 12.2, 4.3 Hz, C*H*~2~), 3.67 (dd, 1H, *J* = 12.2, 6.7 Hz, C*H*~2~), 2.96 (dd, 1H, *J* = 6.7, 4.3 Hz, oxiranyl-H), 2.0 (bs, 1H, OH), 1.33 (s, 3H, CH~3~), 1.30 (s, 3H, CH~3~) (Figure S1A of the [Supporting Information](#notes-3){ref-type="notes"}); ^13^C NMR (100 MHz, CDCl~3~) δ 64.0, 61.7, 59.1, 25.0, 19.0 (Figure S1B of the [Supporting Information](#notes-3){ref-type="notes"}).

2.2. Reactive Uptake Chamber Experiments {#sec2.2}
----------------------------------------

Reactive uptake experiments using the synthetic MBO epoxide were conducted in an 10 m^3^ indoor Teflon chamber at The University of North Carolina at Chapel Hill (UNC-CH)^[@ref6],[@ref7]^ (Table [1](#tbl1){ref-type="other"}). The chamber was flushed continuously with clean house air for at least 24 h prior to each experiment. All experiments were performed under dark conditions at 20--25 °C and a relative humidity (RH) of \<5%. A differential mobility analyzer \[DMA (BMI, Inc.)\] coupled to a mixing condensation particle counter \[MCPC (BMI, Inc.)\] was used to measure aerosol size distributions and volume concentrations. Either neutral or acidic seed aerosol were injected into the chamber by atomizing 0.06 M (NH~4~)~2~SO~4~ or 0.06 M MgSO~4~/0.06 M H~2~SO~4~ aqueous solutions, respectively. Aerosol acidity measurements were not available in this study, but the pH of the acidic seed aerosol solution was estimated to be ∼0.53 using ISORROPIA,^[@ref14]^ assuming a temperature of 298 K and 5% RH. Although the level of acidity in our experiments is higher than that commonly observed under ambient conditions, our pH value falls within what has been previously observed for ambient fine aerosol.^[@ref15],[@ref16]^ After the seed aerosol concentrations had stabilized in the chamber, different amounts of MBO epoxide were injected into the chamber through a 10 mL glass manifold heated at 50 °C and flushed with heated N~2~ (50 °C) at a rate of 3 L min^−1^ for 30 min. In selected experiments, aerosol samples were collected onto Teflon filters (Pall Life Sciences, Teflon membrane, 47 mm diameter, 1.0 μm pore size) at a sampling flow rate of ∼20 L min^--1^ after the SOA mass had been maximized.

###### Experimental Conditions for and Results of MBO Epoxide Reactive Uptake Experiments

  experiment   seed aerosol type   initial seed (μm^3^ cm^--3^)   initial epoxide (ppb)   SOA formed[a](#t1fn1){ref-type="table-fn"} (μg m^--3^)   SOA yield[b](#t1fn2){ref-type="table-fn"} (%)
  ------------ ------------------- ------------------------------ ----------------------- -------------------------------------------------------- -----------------------------------------------
  1            no seed             \<0.1                          300                     \<0.01                                                   \<0.01
  2            neutral             30                             300                     \<2                                                      \<0.01
  3            acidic              28                             300                     30.8                                                     2.5
  4            acidic              36                             200                     32.9                                                     3.9
  5            acidic              35                             100                     16.5                                                     4.0
  6            acidic              42                             50                      14.6                                                     7.0
  7            acidic              55                             300                     58.4                                                     4.7

The SOA mass concentration was calculated by assuming that the density of the SOA is 1.25 g cm^--3^. Wall loss of particles was corrected for this calculation.

The SOA yield was defined as the ratio of the mass concentration of SOA formed to the mass concentration of reacted MBO epoxide. Reacted MBO epoxide was estimated by assuming all the injected compounds reacted. Thus, this is only a conservative lower-bound estimate.

2.3. Aerosol Samples from MBO Photooxidation and Ambient Air {#sec2.3}
------------------------------------------------------------

Details of the MBO photooxidation experiments performed at UNC-CH and the BEACHON-RoMBAS campaign were described by Zhang et al.^[@ref5]^ Briefly, the UNC-CH MBO photooxidation chamber experiments were performed under initially high-NO conditions (∼200 ppb) with acid or neutral seed aerosol. Aerosol samples were collected at a rate of ∼17 L min^--1^. During the BEACHON-RoMBAS campaign in a Colorado Rocky Mountain pine forest,^[@ref17]^ samples were collected on quartz filters (Pall Life Sciences, Pallflex Tissuquartz, 20.3 cm × 25.4 cm) using a 72 h integrated aerosol filter sampling approach with a high-volume PM~2.5~ sampler at a flow rate of 1 m^3^ min^--1^.

2.4. Aerosol-Phase Chemical Analysis {#sec2.4}
------------------------------------

Filters from both the laboratory experiments and the field campaign were stored at −20 °C prior to extraction in individual aluminum packets that had been prebaked at 550 °C to drive off all organic compounds. The filters were then extracted following the procedures described by Zhang et al.^[@ref5]^ For analysis by gas chromatography - electron ionization mass spectrometry (GC/EI-MS), dried residues were trimethylsilylated by addition of 100 μL of BSTFA and trimethylchlorosilane \[99:1 (v/v), Supelco\] and 50 μL of pyridine (Sigma-Aldrich, 98%, anhydrous), followed by heating for 1 h at 70 °C. For analysis by ultra performance liquid chromatography - negative electrospray ionization high-resolution quadrupole time-of-flight mass spectrometry \[UPLC/(−)ESI-HR-Q-TOFMS\], dried residues from filter extracts were reconstituted with 150 μL of a 50:50 (v/v) mixture of 0.1% acetic acid in methanol (LC-MS ChromaSolv-Grade, Sigma-Aldrich) and 0.1% acetic acid in water (LC-MS ChromaSolv-Grade, Sigma-Aldrich). Detailed descriptions of the GC/EI-MS and UPLC/(−)ESI-HR-Q-TOFMS operating conditions were described by Zhang et al.^[@ref5]^

3. Results and Discussion {#sec3}
=========================

3.1. SOA Formation from Reactive Uptake Experiments {#sec3.1}
---------------------------------------------------

Particle volume concentrations from the 300 ppb MBO epoxide reactive uptake experiments with neutral and acidic seed aerosol are shown in Figure [1](#fig1){ref-type="fig"} and mass concentrations in Table [1](#tbl1){ref-type="other"}, for experiments 2 and 3, respectively. These results were obtained from size-resolved DMA-MCPC results and have not been corrected for wall losses. SOA growth was observed only when acidic seed aerosol was present. Assuming all the MBO epoxide was successfully injected and reacted (a procedure for direct measurement of MBO epoxides is not available), the calculated SOA yield is 2.5% for experiment 3 with particle wall loss correction.^[@ref7]^ However, with similar initial acidic seed aerosol concentrations, when the initial MBO epoxide concentrations were decreased (experiments 4--6), calculated SOA yields increased monotonically to 7%. This result suggests that reactive uptake is more efficient when the concentration of the gas-phase species is decreased with respect to the volume/surface concentration of seed aerosol. In experiment 7, the initial MBO epoxide concentration was identical to that in experiment 3, but the initial seed aerosol concentration was doubled. The rate of SOA growth also doubled, supporting the conclusion that aerosol growth in experiment 3 was limited by saturation of the seed aerosol surface or bulk depending on the mixing state within the particles. These results suggest a more general conclusion that reactive uptake is a particle surface or bulk-limited process for other epoxides, such as IEPOX, in addition to MBO epoxide. A consequence of this conclusion is that SOA yields from reactive uptake of epoxides may be underestimated, especially in chamber studies in which reactive gas-phase species are much more concentrated than under ambient field conditions. The SOA yields measured in this study serve only to provide an initial estimate of the atmospheric burden of MBO-derived SOA. Further investigation of the reactive uptake of MBO epoxide is required to elucidate the complex gas--particle interactions. Understanding the kinetics of the MBO epoxide reactive uptake under varying atmospheric conditions (e.g., aerosol liquid water content, acidity, phase, and composition) is essential for inclusion of MBO as an SOA source in atmospheric chemistry models such as the Weather Research and Forecasting model coupled with Chemistry (WRF-Chem).

![Time dependence of wall loss-uncorrected DMA-MCPC particle volume concentration of the reactive uptake of an MBO epoxide in a chamber experiment. Either neutral seed aerosol (blue) or acidic seed aerosol (red) and 300 ppb synthetic MBO epoxide were injected into the chamber at time zero. SOA growth was observed only in the acidic experiment.](ez-2014-00055f_0001){#fig1}

3.2. Chemical Characterization of SOA Constituents {#sec3.2}
--------------------------------------------------

As suggested by previous studies,^[@ref4],[@ref5]^ DHIP and the MBO-derived organosulfates are the predominant MBO SOA tracers in both chamber and field studies. Figure [2](#fig2){ref-type="fig"} presents the representative analytical results from the filter extractions for these two tracers. Shown are the reactive uptake of MBO epoxide (A1--D1), chamber photooxidation of MBO (A2--D2), and field studies (A3--D3). Jaoui et al.^[@ref4]^ have shown that the base peak ion in the GC/EI-MS analysis of the trimethylsilylated DHIP appears at *m*/*z* 131, along with a less abundant product ion at *m*/*z* 231. Panels A1--A3 show that the respective extracted ion chromatograms (EICs) of the ion at *m*/*z* 131 are identical and along with the full-scan mass spectra in panels B1--B3 containing expected signature ions at *m*/*z* 131 and 231 (proposed fragmentation scheme shown in Figure S2 of the [Supporting Information](#notes-3){ref-type="notes"}) strongly support the presence of DHIP in all studied aerosol samples.

![Comparison of chemical characterization of aerosol by GC-EI/MS collected from the reactive uptake of the MBO epoxide (A1--D1), MBO photooxidation chamber experiments (A2--D2), and ambient samples from the BEACHON-RoMBAS 2011 campaign (A3--D3). (A) Derivatization GC-EI/MS EIC of the ion at *m*/*z* 131 (signature ion of DHIP). (B) Full-scan mass spectrum of the peak in the EIC of the ion at *m*/*z* 131. (C) UPLC/(−)ESI-HR-Q-TOFMS EIC of the ion at *m*/*z* 199 (\[M -- H\]^−^ ion associated with the MBO-derived organosulfates) from aerosol samples. The accurate masses of all three peaks in panels C1--C3 indicate the C~5~H~11~O~6~S^--^ composition (*m*/*z* 199.0276 ± 3 mDa). (D) MS^2^ spectra of the peak at ∼1.9 min from EIC of the ion at *m*/*z* 199 (C1--C3). The structure shown in panels D1--D3 is one of three possible regioisomeric esters.](ez-2014-00055f_0002){#fig2}

Panels C1--C3 show the UPLC/(−)ESI-HR-Q-TOFMS EICs of the ion at *m*/*z* 199 (\[M -- H\]^−^ of the MBO organosulfates) and panels D1--D3 the respective tandem MS (MS^2^) data, exemplified by the peak at ∼1.9 min. The MS^2^ spectra of the peaks at ∼1.2 and ∼2.2 min have identical fragmentation patterns. Because of the low absolute abundance of the organosulfates in the MBO photooxidation chamber experiments, the signal-to-noise ratio in panel C2 is lower than that in panels C1 and C3. Traces C1--C3 are identical with respect to retention times, and all peaks have measured accurate masses consistent with the C~5~H~11~O~6~S^--^ composition (199.0276 ± 3 mDa). Isomeric MBO epoxides are possible in the chamber and field studies (Figure S3 of the [Supporting Information](#notes-3){ref-type="notes"}, proposed oxidation pathway), and consistent with this possibility, three peaks are resolved in organosulfate EICs^[@ref18]^ C2 and C3. Because the reactive uptake of pure (3,3-dimethyloxiran-2-yl)methanol should initially yield two sulfate isomers, the presence of three isomeric esters in C1 likely suggests either an initial Payne rearrangement^[@ref19],[@ref20]^ of the epoxide on reactive uptake or intramolecular transesterification^[@ref21],[@ref22]^ promoted by the acidic seed aerosol may be involved in reactive uptake. Differences in the pattern of peak intensities of the EIC traces in Figure [2](#fig2){ref-type="fig"} are expected because isomer ratios from aerosol generated under different conditions are not anticipated to be identical. However, the presence of identical organosulfate isomers common to all EICs supports the presence of MBO epoxide in both chamber and field aerosol. It should also be noted that the MBO organosulfates were also observed at the BEARPEX (Biosphere Effects on Aerosols and Photochemistry Experiment) campaigns at modest concentrations (5 ng m^--3^ on average and up to 30 ng m^--3^).^[@ref5]^

3.3. Relevance to Prior Laboratory and Field Studies {#sec3.3}
----------------------------------------------------

In the study presented here, reactive uptake chamber experiments using a synthetic MBO epoxide in the presence of acidic seed aerosol demonstrated SOA formation. Chemical characterization of the SOA from the reactive uptake of the MBO epoxide by acidic seed aerosol, smog chamber photooxidation of MBO, and field measurements revealed components common to all three samples, suggesting that epoxides are key intermediates, which can generally explain the observed acid enhancements of SOA derived from other biogenic hydrocarbons such as isoprene,^[@ref6]−[@ref9]^ α-pinene,^[@ref8],[@ref10]^ and β-caryophyllene.^[@ref8]^ This is further supported by the fact that ring-opening reactions of epoxides are kinetically favorable under typical tropospheric conditions.^[@ref18],[@ref23],[@ref24]^ A second MBO epoxide isomer is possible from MBO photooxidation and should be explored in future studies. Because the focus of this study was to examine the involvement of an epoxide in MBO SOA formation rather than to determine the mechanism of MBO epoxide formation, we can only tentatively propose a mechanism for MBO epoxide formation at this time as shown in Figure S3 of the [Supporting Information](#notes-3){ref-type="notes"}. Future work is also needed to detect the formation of MBO-derived epoxides in real time from laboratory and field studies. Currently, these epoxides cannot be observed by online gas chromatographic methods, and thus, alternative mass spectrometry approaches will be required.

Additional information regarding the ^1^H NMR and ^13^C NMR spectra of the synthetic MBO epoxide (Figure S1), the fragmentation scheme proposed for major product ions in the GC/EI-MS data (Figure S2), and the tentatively proposed mechanism leading to MBO epoxide formation (Figure S3). This material is available free of charge via the Internet at <http://pubs.acs.org>.
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